TM with a nominal terminal voltage of 5 MV has been put into operation at the Universidad Autónoma de Madrid (Spain) as part of their new IBA facility. The accelerator features a coaxial structure in which the all-solid-state power supply is constructed around the high-energy acceleration tube, thereby avoiding the T-shaped tank that has characterized the HVE Tandetrons TM so far. The new IBA facility covers a number of different ion beam analysis techniques including ERD using heavy-element time-of-flight, RBS, as well as an external microbeam for PIXE. During installation, tests have shown a stable terminal voltage of 5.5 MV.
INTRODUCTION
Applications such as heavy element ERD, NRA, PET, deep-level light-ion implants in semiconductors (power devices) and AMS of elements like 36 Cl and 41 Ca, require tandem accelerators with terminal voltages of up to 5 MV. To fulfill the demands on ion current, energy resolution and transient response of these applications, HVE has developed a 5 MV tandem accelerator [1] .
The first accelerator of this kind has been put into operation at the Universidad Autónoma de Madrid (Spain) as part of their new IBA facility. It is anticipated that the facility will develop into a national service center for Spain, focussing on ion beam analyses of surfaces. Other studies will include ionmatter interactions, ion beam modification and radiation damage.
In this article we introduce the new facility, the future research program and give details on the system performance.
SYSTEM DESCRIPTION
The layout of the system is shown in Fig. 1 . A dual source injector accommodates two independent ion sources and a 90 o analyzing magnet. A duoplasmatron source with a Li charge exchange canal delivers light ions like H, He and NH 2 , whereas heavy ions are generated by a cesium sputter-type ion source.
The accelerator has a rated terminal voltage of 5 MV which is generated by an all-solid-state power supply that is constructed around the high energy accelerating tube. Large diameter accelerating tubes with high conductance and a turbo-molecular pump in the terminal that re-circulates the stripper gas guarantee a good vacuum in the tubes during operation. A detailed description of the design of the accelerator can be found elsewhere [1] .
A 10 kW solid-state driver operating at ~38 kHz supplies the required power to the accelerator. It has been designed to combine a low level of terminal voltage ripple with a fast response on beam transients. To achieve this, a number of control loops have been implemented. Feedback from the generating voltmeter (GVM), a device that measures the terminal voltage, is active between DC and 1 Hz whereas a capacitive pick-up unit (CPU) is used to provide feedback covering frequency components above 1 Hz. This arrangement ensures that frequency components above 1 Hz (e.g. 50 Hz) that contain noise and instabilities at ~10 -4 -10 -5 levels and that are unavoidably present in the output signal of the GVM, do not adversely affect the final ripple on the terminal. On the other hand, the feedback of frequency components above 1 Hz via the CPU enables a fast reaction of the terminal voltage on sudden changes in the beam load. In addition, the driver uses active feedback of the 50 and 300 Hz components of the mains as well as the RF current in the oscillator circuitry to further reduce the ripple and optimize transient response.
After the accelerator a quadrupole-triplet and a +/-45 o switching magnet with seven exit ports provide focussing and particle beam selection capability into the required beam line.
SCIENTIFIC PROGRAM AND APPLICATIONS
The facility will be dedicated to ion beam analysis of materials using most of current standard techniques including RBS, ERD, PIXE, NRA and channeling. It provides the primary research facility for the "Centre for Micro Analysis of Materials" laboratory at the Universidad Autónoma Madrid. Apart from IBA, basic studies on ion-matter interaction processes, ion beam modification of materials such as ion implantation, as well as radiation damage and basic nuclear studies are anticipated.
Details of the individual beamlines with existing and proposed future capabilities are listed below.
The -30
o line is connected to a multipurpose chamber manufactured by HVE (see Fig.1 ) equipped with a four axis goniometer to perform measurements of RBS, ERD, PIXE, NRA and channeling. In the near future a magnetic spectrograph with high depth resolution will be installed on the same beamline following the multipurpose chamber.
The -10 o line will be equipped with a scattering chamber, a time-of-flight detector and a gas-filled Bragg detector. This line is presently under construction and will be used for ERD measurements.
An external micro-beam with magnetic quadrupole lenses (Oxford Microbeams Limited) will be installed on the +15 o line. One of its main applications will be in the field of Archaeometry.
The +30 o port will be reserved for studies on basic nuclear physics.
On the +45 o line, a fully automated PIXE chamber with high sample throughput will be installed for environmental and biological applications. This chamber was constructed at the University of Groningen and has been used there for several years [2] . chamber equipped for surface spectroscopy (AES and LEED) and low energy ion scattering [3] . The +10 o port of this magnet will be dedicated to ion implantation.
SYSTEM PERFORMANCE

General requirements
To fulfil the scientific program, a broad range of performance parameters of the accelerator system are required, some of which can be very stringent:
Depth profiling by NRA using p( 15 N,αγ) at 6.4 MeV requires a very small stepsize in beam energy during data acquisition as well as a high energy resolution of the beam. Control of the accelerator with stepsizes in terminal voltage down to 2.6 V is more than adequate for this application. Degradation of the resolution of the beam energy by energy straggling during the electron stripping process in the terminal can be minimized by reducing the stripper gas pressure at the expense of some loss in transmission.
LEED as well as other nuclear reactions used with NRA require hydrogen beams with energies down to, or below, 200 keV. This asks for stable system operation with sufficient transmission at a terminal voltage of 100 kV (2% of the rated terminal voltage) or below.
The application of hydrogen micro-beams requires not only high energy resolution of the beam but also a high brightness to keep the acquisition time acceptable, particularly in the case of sub-micron beam sizes. It is anticipated that the present system will yield a brightness for a 3 MeV hydrogen beam well above 2 Amps m -2 rad -2 eV -1 [4] .
Finally, some applications require substantial beam power and ask for a fast response of the terminal voltage to transients in the beam current. As an example, the process time in high dose ion implantation benefits from high target current. Also, in high resolution ERD using a collimated beam of e.g. 50 MeV Si 9+ , the fraction of the total beam current used in the experiment can be as low as a few per mill and therefore can require substantial beam current to be injected into the accelerator. A fast response of the terminal voltage to beam glitches minimizes the adverse influence on the beam spectra.
A number of system characteristics have been measured to verify that the demands listed above are fulfilled by the new accelerator system.
Hydrogen transmission
At a terminal voltage of 1250 kV, an analyzed hydrogen current of 17.5 µA (63% transmission) was measured through a 0.5 x 2 mm aperture located ~ 2 meters after the high-energy switching magnet. Below 1000 kV/TV the transmission gradually drops. At 200 kV/TV the transmission through the aperture was still 24%. Although not actually measured, it is anticipated that at 100 kV/TV, a current of 1 µA H + can be obtained through the 0.5 x 2 mm aperture. Consequently, the analyzed hydrogen current in the energy range of 200 keV up to 10 MeV is more than adequate for IBA applications.
Transient response
The transient response of the accelerator has been measured at a terminal voltage of 3 MV by monitoring the terminal voltage during a prompt injection of a ~125 µA Si -beam into the accelerator. This resulted in a total beam power in excess of 1 kW and an analyzed Si 3+ current of 135 (e)µA, measured through a 3 mm diameter aperture located ~4 meters downstream the high-energy switching magnet. The resulting terminal response is given in Fig. 2 . It shows that the maximum terminal voltage undershoot was ~ 4.2 kV (1.4 x 10 -3 ) at t = 40 ms, recovering to within 300 V (1 x 10 -4 ) in 800 ms. It is obvious that for standard IBA analysis a total beam power of 1 kW is unrealistic.
Therefore, it can be safely stated that the influence of ion-source glitches on the final analysis resulting from poor energy resolution will be negligible for typical IBA beam currents of below 10 µA.
Terminal voltage ripple
The terminal voltage ripple has been measured from 100 kV up to 5000 kV using a capacitive pick-up unit (CPU). The results are shown in Fig. 3 . It shows that the total ripple is below 10 V RMS for 100 kV < TV < 800 kV and that the relative ripple is at, or below, 10 -5 (RMS) for 800 kV < TV < 5000 kV. The dominant frequency component for TV > 800 kV is at 49 Hz. This frequency component is related to the generator in the terminal causing minor vibrations on the terminal shell. The vibrations modulate the capacitance between terminal and CPU resulting in the 49 Hz component. A frequency slightly below 50 Hz results from slip in the drive motor and is normal for asynchronous motors. As a result, it is probable that the 49 Hz component in Fig. 3 does not represent actual ripple on the terminal but is an artifact of the measurement. This has been demonstrated by a detailed analysis of the terminal voltage ripple for a similar system [5] .
If the 49 Hz component is subtracted from the data in Fig 3, the remaining relative terminal voltage ripple for TV > 800 kV is 6 x 10 -6 . Consequently, the beam energy resolution of the system is dominated by the energy straggling during the stripping process in the terminal. The contribution from the terminal voltage ripple is negligible.
CONCLUSION
The first 5 MV Tandetron TM from HVE has been successfully installed at the Universidad Autónoma de Madrid (Spain). Present and future capabilities of the facility cover a broad range of analysis techniques including RBS, NRA, PIXE, EAS & LEED. Tests on the transient response and ripple have demonstrated that the ripple and instabilities of the terminal voltage do not contribute to the final energy resolution of the system. In addition, the system supports IBA experiments that require hydrogen beams with an energy down to 200 keV.
